Ingestion of placenta or amniotic fluid produces a dramatic enhancement of centrally mediated opioid antinociception in the rat. The present experiments investigated the role of each opioid receptor type (A, y, n) in the antinociception-modulating effects of Placental Opioid-Enhancing Factor (POEF-presumably the active substance). Antinociception was measured on a 52 jC hotplate in adult, female rats after they ingested placenta or control substance (1.0 g) and after they received an intracerebroventricular injection of a y-specific ([D-Pen2,D-Pen5]enkephalin (DPDPE); 0, 30, 50, 62, or 70 nmol), A-specific ([D-Ala2,N-MePhe4,Gly5-ol]enkephalin (DAMGO); 0, 0.21, 0.29, or 0.39 nmol), or n-specific (U-62066; spiradoline; 0, 100, 150, or 200 nmol) opioid receptor agonist. The results showed that ingestion of placenta potentiated y-and n-opioid antinociception, but attenuated A-opioid antinociception. This finding of POEF action as both opioid receptor-specific and complex provides an important basis for understanding the intrinsic pain-suppression mechanisms that are activated during parturition and modified by placentophagia, and important information for the possible use of POEF as an adjunct to opioids in pain management. D
Introduction
Ingestion of placenta or amniotic fluid enhances opioid-mediated antinociception [39] . The active substance(s) in placenta and amniotic fluid has been termed Placental Opioid-Enhancing Factor (POEF) [43] . The antinociception-enhancing effect of POEF has been well documented in rats of both sexes, in different reproductive states (in virgin and parturient females), and in several algesiometric tests (radiant heat tail-flick test, hot water tail-immersion test, formalin test, and hotplate test) [1, 39, 41, 44, 45, 73] . In addition, antinociception enhancement has been observed in rats that eat placenta or amniotic fluid of all other species tested to date, including that of humans, dolphins [1] , and cows [12] , and has been observed in cows after ingestion of bovine amniotic fluid [71] . At parturition, changing levels of ovarian sex steroids and uterine afferent activity produce ''pregnancy-mediated analgesia'', an opioid-mediated increase in maternal pain threshold that is particularly pronounced in the periparturitional period [11, 23, 31, 33, 95] . A likely benefit derived from ingestion of afterbirth materials-placentophagiais the augmentation of this parturitional antinociception [39] .
As yet, little is known of the intervening steps by which placentophagia ultimately modifies pain suppression. The data indicate that the effect of ingested placenta or amniotic fluid is strictly modulatory; ingested POEF does not generate antinociception, but rather potentiates antinociception that is already present [39] . Furthermore, this modulatory influence appears to be specific to opioid mechanisms. In the rat, the ingestion of POEF as either placenta or amniotic fluid produces significant elevation of antinociception resulting from a number of opioidmediated or at least partly opioid-mediated mechanisms, including those induced by the physiology of late pregnancy, peripheral or central injection of morphine, vaginal/cervical stimulation, footshock, or endogenous opioid release [19, 20, 42, 45, 87] . POEF does not, however, modify antinociception that results from the non-opioid analgesics aspirin [44] or nicotine [73] . Injection of opioid receptor antagonists such as naloxone or naltrexone blocks POEF enhancement, presumably by removing the opioid activity upon which POEF acts [41] . These data suggest that the modulatory influence of POEF ingestion on pain suppression is limited to opioidmediated mechanisms. However, the effects of POEF do not extend equally to all opioid-mediated phenomena. POEF ingestion does not affect morphine-mediated hyperthermia [1] , and it suppresses contralateral circling produced by unilateral morphine injection into the ventral tegmental area (VTA) [90] .
The different effects of POEF action on different opioid-induced phenomena are most likely mediated by different opioid receptor systems (receptor specificity), at different anatomical sites (location specificity), or both. Previous work has shown that POEF acts on the central, rather than peripheral action of morphine [19] , but it does not appear to work directly in the CNS. Gastric vagotomy blocks the effect of ingested afterbirth material on morphine antinociception [87] , and this block seems to be due to the disruption of gastric vagal afferent fibers, rather than to the disruption of the efferent fibers that influence digestion [72] . POEF ingestion enhances antinociception produced by morphine [1, 12, 19, 20, 43, 88] , a nonselective A-opioid agonist that has activity at all of the opioid receptors (i.e., AHy>n) [25] . The strategic location of A-, y-, and n-opioid receptors at different points of the opioid-antinociception system in brain and spinal cord [50, 51] , where each is involved in the mediation of antinociception [4, 6, 9, 13, 27, 30, 31, 66, 82, 96] , makes each receptor type a potential candidate for involvement in the POEF effect. Direct tests of receptor specificity, however, have yet to be performed.
The present series of experiments was designed to examine the contribution of each receptor separately by investigating the modulatory influence of ingested POEF on antinociception produced by independent central pharmacological activation of each of the three principal opioid receptor types. In each of the three experiments, placenta ingestion was combined with the intracerebroventricular (i.c.v.) injection of one of three different opioid receptor selective agonists: y-preferring [D-Pen2,D-Pen5]enkephalin (DPDPE) [24, 32, 61] ; A-preferring [D-Ala2,N-MePhe4,Gly5-ol]enkephalin (DAMGO) [24, 28, 32] ; or n-preferring spiradoline [46, 93] . In the present study, we hypothesized that placenta ingestion would enhance antinociception selectively induced at the y-opioid receptor by DPDPE injection (Experiment 1), the A-opioid receptor by DAMGO injection (Experiment 2), and the n-opioid receptor by spiradoline injection (Experiment 3).
Materials and methods: general

Subjects
Subjects were 282 experimentally naive, virgin female Long-Evans (hooded, Blue Spruce) rats, 3 -5 months old, weighing 250 -350 g. All subjects were born and raised in our laboratory in the Psychology Department's Behavioral Neuroscience Complex at the University at Buffalo and were the first-or second-generation offspring of rats purchased from Harlan Sprague Dawley. All procedures were approved by the University at Buffalo Institutional Animal Care and Use Committee.
Rats were maintained in a controlled environment with an ambient temperature of 22 F 1 jC, a relative humidity of 40 -60%, and a 14-h on/10-h off light-dark cycle (lights on at 0500 h, EST). Rats were housed individually in 32 Â 20 Â 20 cm, standing, clear plastic cages, and were allowed ad lib access to food (Agway Prolab Rat/Mouse/ Hamster Formula 3000) and water, except where otherwise stated.
From the age of 2 months, each rat was monitored daily for estrous cycle stage by vaginal smear; rats were considered to be reproductively mature when they exhibited normal estrous cyclicity (i.e., two consecutive cycles of 4 -5 days). After reaching maturity, each rat underwent stereotaxic cannula implantation.
Stereotaxic surgery
All rats received a single, permanent, indwelling guide cannula through which opioid agonists could be injected directly into the right lateral ventricle. In Experiments 1 and 2, surgery was performed while rats were anesthetized with sodium pentobarbital (40 mg/kg, i.p.) after they had been food deprived for 8 h. Atropine sulfate (4 mg/kg, s.c.) to suppress mucus secretion was administered shortly after the sodium pentobarbital had taken effect. In Experiment 3, rats were anesthetized with ketamine hydrochloride (21.8 mg/ kg, i.p.) and xylazine (26 mg/kg, i.p.) because sodium pentobarbital was no longer available. Rats that were anesthetized with ketamine -xylazine (Experiment 3) were not food-deprived during the pre-surgery period. All rats were injected with Combiotic (0.05 ml, i.m.-Experiments 1 and 2) or Baytril (0.04 ml, i.m.-Experiment 3) to prevent infection.
During surgery, rats were secured in a Kopf stereotaxic apparatus and permanently implanted with a 22-ga stainlesssteel cannula (Plastic Products) inserted into the right lateral ventricle at the following coordinates: A -P = 0.0 mm (bregma); L = À 2.0 mm (center of midsagittal sinus); D -V = À 2.8 mm (measured from dura), with the incisor bar positioned 5 mm above the interaural line. The coordinates were modified from the stereotaxic atlas of Pellegrino, Pellegrino, and Cushman [67] . The guide cannula was anchored to the skull with dental cement affixed to three 0-80 stainless-steel screws. At the end of surgery, a stainless -steel obturator, cut flush with the guide cannula, was inserted into the guide cannula. The internal cannula, used to deliver drug to the lateral ventricle, was cut 1 mm longer than the tip of the guide cannula, so that the site of drug injection would be beyond any scar-tissue formation or gliosis that may have occurred between surgery and testing.
Drug injections
Intracerebroventricular drugs were injected with a Harvard microinfusion pump (Model 944) at a rate of approximately 1 Al/min. The volume ranged from 4.0 to 4.5 Al, but remained constant within a particular experiment. During injection, the rat was handheld. After injection, the internal cannula was left in position in the ventricle for a period of 30 s to allow for drug dispersal from the cannula tip. The internal cannula was then replaced with the obturator in order to minimize backflow of drug into the guide cannula. Each rat was tested with only one opioid agonist, although cross-tolerance to different opioid receptor-preferential agonists is minimal [69, 99] , to avoid the possibility of a repeated-testing effect. Agonist doses were determined in pilot studies by their ability to generate a small amount of antinociception (10 -40% increase from baseline response latency) so that POEF-induced effects, if present, could be distinguished from simple drug-induced effects, within the 55-s test.
Placenta collection
Placenta was harvested on Day 21 of pregnancy (presence of sperm = Day 1) from females killed with CO 2 . Placenta was immediately frozen ( À 40 jC) and stored for later use. During testing, frozen placenta was warmed for 15 min to 37 jC in a heating block, weighed, and immediately presented to the subjects. This procedure is standard for our laboratory (e.g., Ref. [43] ).
Behavior assays
Antinociception assay
The detection of antinociception produced by opioid receptor-selective agonists depends on the type of antinociception test and the route of drug administration. The present study used a hotplate (Life Science Instruments, model 39D), set at 52 jC, to measure nociceptive threshold, because this particular assay is sensitive to the antinociception induced by i.c.v. injection of all three of the opioid agonists used. The hotplate assay was adapted from that originally described by Woolfe and McDonald [97] . A rectangular Plexiglas chamber (28 cm high) with removable top was used to confine the rats to a 28.8 Â 26.6 cm hotplate surface during testing. Nociception (pain or discomfort) threshold was quantified as latency (in seconds) to lick the hindpaw or jump vertically (all paws simultaneously leaving the plate surface) after placement of the rat on the hotplate. Immediately after nociceptive threshold (response latency) determination, rats were removed from the hotplate. If no response was observed, hotplate exposure was terminated at 55 s in order to avoid tissue damage. Each rat was tested only once so that learning effects would not influence hotplate performance. All testing was performed by a tester who was blind to experimental conditions.
Motor activity assay
The behavioral effects of opioids are not limited to antinociception, and include a pronounced effect on motor activity, which might confound pain-threshold determination in a hotplate assay. This motor effect varies as a function of opioid receptor type and the degree of activation (i.e., dose and type of agonist used to stimulate the receptors). Pilot data for the present study indicated that no apparent motor effects were produced by agonist injection, except in placenta-fed rats treated with the highest dose of the y agonist (Experiment 1); those rats displayed circling contralateral to the site of drug injection. In order to separate any treatment-induced motor effects from antinociceptive effects, if possible, circling and nociceptive threshold were measured in the same rat for all rats in Experiment 1. Also, an additional (i.e., 5th) dose of the y agonist, slightly lower than the highest dose, was tested to dissociate y antinociception from circling. Therefore, to assess y receptor motor effects, the presence or absence of contralateral circling (tight, head-to-tail turns) was determined for all rats given y agonist injections. Circling was assessed at the time of the hotplate test (i.e., 10 min after agonist injection).
Testing procedures 2.6.1. Pretesting procedures
To minimize stress (and endogenous opioid effects) during testing, each rat was given a postsurgical recovery period of 7-10 days before being habituated to all testing procedures: (1) experimenter (each rat was handheld for 3-5 min/day for 7 days); (2) removal of obturator (cannula was unscrewed 1 time/day for 7 days); (3) hotplate (rats were exposed to room-temperature hotplate for 5 min/day for 2 days); and (4) feeding procedures (fed testing substance once/day for 5 days).
Habituation to feeding procedures over a 5-day period was designed to ensure that subjects would reliably eat placenta or control substance (ground beef) within the 5-min access, because very few virgin Long -Evans rats are spontaneous placentophages and many exhibit neophobic reactions to novel food [38 -40] . During this time, once per day, each rat was proffered 1 g of novel food (ground beef, placenta, or a mix), presented in a glass dish (2.5 cm diameter), in addition to standard rat chow. The novel food remained in the cage until it was eaten; if this did not occur within the first 1 -2 h of presentation, rat chow was then removed until the novel food was eaten. Each rat was proffered the material according to the following schedule: Days 1-3: 1 g lean ground beef; Day 4: 0.5 g ground beef + 1 placenta (approximately 0.5 g); and Day 5: 2 placentas. Rats that failed to complete the feeding schedule successfully were dropped from the study (2 rats of 284 [ < 1%] were excluded).
The habituation period lasted approximately 1 week. The interval between surgery and testing was therefore 14 -18 days.
Testing timeline
Before the start of the test, rats were denied access to food for a 2-h period to decrease the likelihood that stomach contents would affect the action of ingested placenta (and presumably, therefore, POEF). After this period, each rat was fed 1.0 g of placenta or ground beef control in its home cage. Ten minutes later, it received an i.c.v. injection of opioid agonist or vehicle in a separate testing room, and was placed back in its home cage. Hotplate response latency was assessed at the time of peak antinociceptive drug effect, which occurred at 10, 20, and 30 min post-injection for DPDPE, spiradoline, and DAMGO, respectively. All algesiometric tests were conducted in a room other than the one in which subjects were housed. To minimize circadian fluctuations in endogenous opioid levels, all testing was conducted between 0830 and 1130 h, EST.
Histological examination
At the conclusion of the study, each rat was overdosed with sodium pentobarbital (0.6 ml, i.p.), and injected though the i.c.v. cannula with 0.1 Al methyl blue dye. The brain was then removed, frozen ( À 20 jC), and cut into 40-Am sections. Every 4th or 5th section that showed cannula track was mounted, stained with Cresyl violet, and saved. Placements were considered to be accurate if: (1) methyl blue dye was observed in the ventricular system, or (2) the cannula track could be traced into, but not past, the right lateral ventricle. In most cases, both criteria were met. Data from any rat with an inaccurate cannula placement were excluded from statistical analysis.
Statistical analysis 2.8.1. Nociceptive threshold
Median tests were used to analyze the differences in median response latencies between placenta-fed and beeffed groups at each dose of each agonist. Nonparametric analyses were used because the data contained latency scores that were ''at ceiling'', (i.e., 55 s), which truncated the distribution of scores and led to a violation of the assumption of interval measurement necessary for parametric analysis [80] . For Experiment 1, in which n < 20 for each comparison, the probability of the observed values was calculated by the Fisher exact probability test. For Experiments 2 and 3, in which n>20 for each comparison, the probability of the observed values was obtained by chi-square. The alpha level for all experiments was set at p = 0.05.
Motor integrity
The Fisher exact probability test was used to analyze the difference in the proportion of rats that exhibited contralateral circling in placenta-fed and control-fed groups at each dose of the y agonist DPDPE.
Experiment 1: D-opioid receptors
The effect of placenta ingestion on the antinociception produced by the i.c.v. injection of each of five doses of DPDPE, a y-opioid receptor agonist, was measured.
Method
Subjects
Seventy-nine virgin female rats, demonstrating normal estrous cyclicity, were used.
Drug
The y-receptor-selective agonist DPDPE (a gift from NIDA) was used. DPDPE was chosen because it displays a binding affinity for the y-opioid receptor that is 100 times greater than its affinity for A and n receptors [24, 32, 61] . DPDPE was dissolved in 0.9% physiological saline and injected within 1 h of entering solution.
Design
The design of this experiment was a 2 Â 5 betweensubjects factorial: Enhancer (1.0 g placenta or 1.0 g beef control) Â Dose of y agonist (0, 30, 50, 62, or 70 nmol DPDPE in 4.5 Al, i.c.v.). Rats were randomly assigned to 1 of 10 experimental conditions and tested only once.
Results and discussion
Of the 79 rats tested in Experiment 1, three rats failed to eat the proffered enhancer (placenta or beef control) during testing, and six had inaccurate cannula placements. Only the data from the remaining 70 rats were used for analysis.
POEF and d-receptor-mediated antinociception
The effect of placenta ingestion (and therefore, presumably POEF ingestion) on y-mediated antinociception is depicted in Fig. 1 . Placenta ingestion significantly enhanced the antinociception produced by both the 62-and 70-nmol doses of DPDPE ( p V 0.025, median test). At those doses, placenta-fed rats exhibited response latencies that were more than 200% of those of their control-fed counterparts (62 nmol DPDPE: placenta Mdn = 55.0 s, control Mdn = 13.9 s; 70 nmol DPDPE: placenta Mdn = 55.0 s, control Mdn = 25.6 s). Placenta ingestion did not alter response latency in rats injected with vehicle or with the two lowest doses (30 and 50 nmol) of DPDPE ( p>0.05, median test).
The results of Experiment 1 clearly demonstrate that POEF ingestion (as placenta) enhances y-mediated antinociception in the hotplate test in a dose-dependent fashion. Because this assay measures purposeful antinociceptive responses that are coordinated at a level of the neuraxis above the spinal cord [65] , these results indicate that ingested POEF modulates supraspinally organized antinociception. Given the route of DPDPE injection (i.c.v.) and the post-injection interval of antinociception determination (10 min), the DPDPE effect in the present study is likely due to an action at supraspinal receptors. This points to the conclusion that POEF enhances antinociception at supraspinal y 1 sites [76] . However, the present study did not test whether POEF can also affect y 2 activity; in the rat, at some brain sites, agonists selective for the y 2 receptor are more effective than are y 1 agonists in the production of antinociception [62, 75] .
POEF and d-receptor-mediated circling
The effect of DPDPE on contralateral circling is depicted in Table 1 . At all doses, DPDPE injection alone produced no apparent motor effects in rats at the time of the hotplate test, suggesting that doses used in the present study were relatively low. In contrast, when combined with placenta ingestion, DPDPE injection induced circling in a significant proportion of rats (86%), but only at the highest dose of DPDPE ( p < 0.05, Fisher exact probability test).
These results indicate that POEF ingestion can modulate motor components of y-opioid activity as well as the antinociceptive component. This is consistent with a previous report that placenta ingestion (1.0 g) roughly doubles the potency of DPDPE in the induction of circling [18] . It is important that the results of Experiment 1 show that at different doses of DPDPE, the motor-enhancing effects of POEF can be dissociated from the antinociception-enhancing effects. At the highest dose of DPDPE (70 nmol), placenta ingestion enhanced both antinociception and circling in the same rats. In contrast, at 62 nmol DPDPE, placenta ingestion enhanced antinociception, but had no effect on circling. The finding that POEF induced an elevation in paw-lick/jump latency-both with and without the simultaneous induction of circling, depending on dose of DPDPE-suggests that the elevated response latencies manifested in the hotplate test represent a potentiation of opioid antinociception, and not a confounding motor effect. In addition, because the mechanism underlying locomotor activation induced by i.c.v. y agonists is thought to involve enhanced dopamine release in the nigrostriatal pathway [14] , these data suggest that POEF ingestion might modulate opioid activity in that system.
Experiment 2: M-opioid receptors
The effect of placenta ingestion on the antinociception produced by the i.c.v. injection of each of four doses of the A-opioid-preferential agonist DAMGO was measured.
Method
Subjects
One hundred one virgin rats, demonstrating normal estrous cyclicity, were used.
Design
The design was a 2 Â 4 between-subjects factorial: Enhancer (1.0 g placenta or 1.0 g control substance) Â Dose of A agonist (0.00, 0.21, 0.29, or 0.39 nmol DAMGO in 4.0 Al, i.c.v.). Rats were randomly assigned to one of eight experimental conditions and tested only once.
Drug
The A-receptor-selective agonist DAMGO (a gift from NIDA) was used. DAMGO was chosen because it displays a binding affinity for the A-opioid receptor that is 100 times greater than its affinity for y and n receptors [24, 28, 36] . DAMGO was dissolved in 0.9% physiological saline and injected within 1 h of entering solution.
Results and discussion
Of the 101 rats tested in Experiment 2, three rats failed to eat placenta or beef control during testing, and two rats had inaccurate cannula placements. Only the data from the remaining 96 rats were used for analysis.
POEF and l-receptor-mediated antinociception
The effect of POEF on l-mediated antinociception is depicted in Fig. 2 . POEF, ingested as placenta, significantly attenuated the antinociception induced by DAMGO at both the high (0. The finding that POEF does not potentiate the A antinociception produced by DAMGO was somewhat surprising in light of previous evidence showing that POEF induces a marked potentiation of antinociception produced by i.c.v. morphine [19] , an opiate agonist that acts predominantly at A receptors [25, 52, 84] . Several explanations for this apparent discrepancy are possible. The simplest and most likely is that the enhancing mechanism of POEF does not involve the A receptor. Morphine is considered to be a non-selective A-preferring agonist, with binding affinity at each of the three types of opioid receptor [25] . Although antinociception generated by this drug is attributed primarily to the activation of A receptors [52, 84] , it can also result from stimulation of either y [36, 94] or n receptors [86] . These findings, together with data from Experiment 2, suggest that the dramatic potentiation of non-receptor-specific morphine antinociception by POEF represents the modulation of opioid activity at the y receptor, n receptor, or both. Whether POEF ingestion affects morphine activity simultaneously at all three opioid receptors is unknown, but if it does, then enhancement occurs because the elevation of y or n activity is robust enough to outweigh a coincident and functionally opposite inhibition of A activity. The results of Experiments 1 and 2 are clearly consistent with such a proposition. Therefore, the differential effect of POEF on antinociception generated by DAMGO and morphine can likely be attributed to the fact that the A receptor is not a substrate for the enhancement effect.
Alternatively, the effect of ingested POEF on antinociception induced by selective (DAMGO) and non-selective (morphine) A receptor agonism may reflect an enhancing mechanism that depends on combined activation of two or more opioid receptors [3, 57, 83] . If such an interaction were necessary for an enhancement of A antinociception by POEF ingestion, then antinociception produced by morphine or other nonspecific opioid receptor agonists should be enhanced, but not that produced by the A-receptor-specific agonist DAMGO. However, the results of Experiment 2 show that selectively induced A activity is actually attenuated by POEF ingestion. Therefore, again, it seems unlikely that the A receptor is involved in the POEF enhancement effect.
Last, it is possible that the different effects of POEF ingestion on DAMGO-and morphine-induced antinociception reflect differences between the agonists themselves rather than reflect the effect of POEF on Amediated phenomena [64] . If morphine and DAMGO activate distinct A-receptor-containing antinociception pathways, as appears to be true of morphine and hendorphin [59, 91] , then it is conceivable that an enhancing action of POEF on A-opioid activity might have been obscured in the present study by the selection of DAMGO as the A agonist.
This experiment represents the first systematic documentation of the antinociception-attenuating ability of POEF ingestion. It is not, however, the first evidence that POEF can exert a negative modulatory effect on opioid-mediated processes. Amniotic fluid ingestion attenuates contralateral circling induced by unilateral injection of morphine into the VTA [90] . Because increases in forward locomotion after intra-VTA opioid injection are thought to be mediated by A or y receptor activation of dopaminergic projections from the VTA to nucleus accumbens [10,34,47] and because morphine has affinity for both A and y receptors [25] , it is likely that POEF suppression of morphine-induced circling reflects the inhibition of opioid activity at VTA A or y sites. The attenuation of DAMGO antinociception by POEF ingestion, then, represents a second case in which POEF inhibits behavior produced by activation of opioid (probably A) receptors. It is clear, however, that POEF does not inhibit all A-related behavior; amniotic fluid ingestion has no effect on opioid-induced hyperthermia [1] , which is likely mediated at medial preoptic A receptors [98] .
An important question is whether POEF (during placentophagia) modulates the A-opioid component of non-antinociceptive processes that are involved in parturitional behavior. Maternal care of the young, for example, is disrupted by A-opioid activity at certain brain sites. In rats on postpartum day 5, i.c.v. injection of the A agonist DAMGO, but not the y agonist DPDPE or the n agonist U-50,488, disrupted ongoing maternal behavior (as defined by latency to retrieve, group, and crouch over pups) [49] . The data of Experiment 2 demonstrate an inhibitory role for central opioids in the regulation of maternal behavior that is specific to the A receptor. In light of these data, it possible to hypothesize that POEF, through anti-A-opioid action (Experiment 2), may contribute to the facilitation of maternal behavior by attenuating a disruptive opioid influence, perhaps in the medial preoptic area [49] , while simultaneously enhancing the positive motivational aspect of the stimuli by enhancing opioid activity of non-A-receptors in the VTA [88, 89] .
Experiment 3: K-opioid receptors
The effect of placenta ingestion on the antinociception produced by the i.c.v. injection of each of four doses of the n opioid-preferential agonist spiradoline was tested.
Method
Subjects
One hundred two virgin female rats served as subjects. In contrast to Experiments 1 and 2, where rats in all stages of the estrous cycle were used, in Experiment 3 only rats in Day 1 or 2 of diestrus on the day of testing were used. Pilot studies showed that spiradoline effects were very sensitive to changes in the estrous cycle. This sensitivity has been demonstrated with other opioids, such as morphine [35] , but was not present in the current series of studies with either DAMGO or DPDPE, based on a post hoc examination of the data.
Design
The design of this experiment was a 2 Â 4 betweensubjects factorial: Enhancer (1.0 g placenta or 1.0 g control substance) Â Dose of n agonist (0, 100, 150, or 200 nmol spiradoline in 4.0 Al, i.c.v.). Rats were randomly assigned to one of eight experimental conditions and tested only once.
Drug
The n-receptor-selective agonist used was ( F )-(5a,7a, 8h)-3,4-dicloro-N-methyl-N-[7-(1-pyrrolidinyl)-1-(oxaspiro- [4, 5] dec-8-yl]benzeneacetamide monohydrochloride (spiradoline or U-62,066-purchased from Research Biochemicals International). This drug displays a binding affinity for the n-opioid receptor that is 84 times greater than its affinity for A and y receptors [6, 92] . Spiradoline was dissolved in 0.02% ascorbic acid and injected within 48 h of entering solution.
Results and discussion
Of the 102 rats tested in Experiment 3, two rats failed to eat placenta or beef control during testing, and four rats had inaccurate cannula placement. Only the data from the remaining 96 rats were used for further analysis.
POEF and j-mediated antinociception
The effect of POEF ingestion on n-mediated antinociception is depicted in Fig. 3 . Placenta ingestion significantly enhanced the response latency produced by the low (100 nmol) dose of spiradoline, lengthening the median response latency by approximately 30% (placenta Mdn = 15.7 s; control Mdn = 12.2 s) (v 2 [1, n = 26] = 3.84, p < 0.05). At the low dose, spiradoline, alone, seems not to have produced measurable antinociception (subthreshold dose), whereas spiradoline, in conjunction with placenta ingestion, did produce measurable antinociception. Placenta ingestion was without effect on the hotplate latency of rats injected Spiradoline is considered to be a selective agonist for the n 1 receptor subtype [67] . Therefore, these data indicate that the opioidenhancing action of POEF, already demonstrated at the y 1 receptor, extends to the n 1 receptor.
POEF enhancement, although to a small degree, is clearly evident statistically at the low dose of spiradoline, but disappears at the high dose. The reason for the dose selectivity may be that spiradoline contains both (+) and ( À ) enantiomers, and the (+) enantiomer shows some weak A-agonist activity [54, 92] . Therefore, the effect of POEF on spiradoline antinociception may represent a narrow range of dose effectiveness: enhancement of n activity only at low doses (100 nmol).
Prior to the execution of Experiment 3, pilot studies were performed using a n agonist that is more selective than spiradoline: U-50,488 [46, 93] . However, hotplate-test results indicated that this n ligand does not produce antinociception when injected i.c.v. This finding, together with reports that spiradoline, although slightly less selective than U-50,488, displays greater antinociceptive potency in the rat warmplate (49.5 jC) and hotplate (55.0 jC) assays, after systemic injection [60, 92] , and in the mouse hotplate test, after intracranial injection [70] , led to the decision to use spiradoline in Experiment 3.
That A agonism does not contribute appreciably to spiradoline antinociception is an important consideration in the interpretation of the present results, and in the conclusion that POEF enhances n receptor activity. Note that spiradoline, although less selective than U-50,488, exhibits considerable n receptor binding preference, as mentioned [46] . Furthermore, the n-receptor-specific nature of spiradoline antinociception can be asserted on the basis of its reversibility by n-selective antagonism. This has been demonstrated both with conventional pharmacological strategies and with molecular (antisense) techniques [4, 8, 60] . These results indicate that the antinociceptive effects of spiradoline are mediated exclusively at the n receptor, and together with evidence that POEF decreases the A antinociception generated by DAMGO (Experiment 2), make it very likely that the enhancing action of POEF on antinociception induced by the low dose of spiradoline represents a n, and not a A, effect.
General discussion
The present studies provide evidence that POEF, ingested as a component of placenta, exerts a complex modulatory influence on antinociception produced by the central pharmacological activation of different opioid receptors. POEF ingestion enhanced the antinociceptive efficacy of i.c.v. yopioid receptor agonist DPDPE and i.c.v. n-opioid receptor agonist spiradoline, but decreased the antinociceptive efficacy of i.c.v. A-opioid receptor agonist DAMGO. These results strongly suggest that the antinociception-modulating properties of POEF are positive for y and/or n activity, and negative for A activity. Furthermore, the absence of a POEF effect on nociceptive threshold when no exogenous opioid was given, in each of the three experiments reported here, confirms all previous reports [39] that POEF acts, not as an analgesic itself, but rather as a potent modulator of opioid antinociceptive activity.
Previous observations indicate that the modulatory nature of POEF on nonspecific opioid receptor-induced antinociception is biphasic: antinociception-enhancing at low opiate doses, and antinociception-inhibiting at high opiate doses (Kristal laboratory, unpublished observations). The present data, which indicate a receptor-specific mode of action of POEF, suggest that such a biphasic effect may be due to differential action at different opioid receptors. In the present study, in no case was POEF ingestion linked to both an elevation and a reduction of nociceptive-response levels at different doses of the same agonist.
The results of this series of studies indicate a role for both y and n receptors in the antinociception-enhancing effects of ingested POEF. However, the data also suggest that the degree of enhancement, presumably a reflection of the effectiveness of POEF to modify activity at a particular opioid site, is different for these two receptors. It is likely that potency differences in enhancement observed at these receptors reflect, in part, the different maximal analgesic effect of each agonist and the different physicochemical properties of each agonist (which determine, for example, rate and distance of drug diffusion), and that these differences might not be apparent if POEF ingestion were tested with other selective agonists.
The present strategy, the use of individual receptorpreferring agonists, allowed for a straightforward test of the ability of POEF, as ingested placenta, to modulate antinociceptive activity induced at each individual receptor type. However, this strategy does not rule out the small possibility of a non-receptor-selective action by each agonist. A more definitive test might be to measure the effect of POEF on antinociception induced by an opioid receptorselective agonist during simultaneous blockade of alternative receptors (i.e., other opioid receptors). Furthermore, the strategy we used does not provide information about the influence of POEF on antinociception induced by simultaneous activation of more than one receptor, which may be different-quantitatively or qualitatively-from the simple sum of antinociceptive activity at each receptor type [63, 75, 77, 81] . Such information could be obtained by testing POEF with combinations of opioid receptor-selective agonists.
It seems unlikely that non-specific explanations (e.g., thermoregulatory or motoric effects) can account for the POEF modulation of hotplate paw-lick/jump latency reported here. In dose ranges comparable to those used in the present study, opioid agonists administered i.c.v. affect thermoregulatory processes in a receptor-specific way, leading to a pronounced effect on body core temperature (i.e., A: hyperthermia; n: hypothermia; y: no clear effect) [5, 29] . However, it is improbable that the POEF-induced changes in response latency reported here after DAMGO or spiradoline injection reflect such a temperature alteration. (1) There is indirect evidence that hotplate latencies are not affected by changes in body temperature (e.g., see Ref. [2] ). (2) DAMGO-induced alterations in body temperature are insignificant or still slight at post-injection times that correspond to the time of antinociception measurement in the present study [85] . Although spiradoline has been reported to be hyperthermic [5] , the effects are not characterized well enough to make such a comparison.
Motor effects induced by opioids or POEF represent a potential confound in the assessment of nociceptive threshold in the present study [55, 56] . However, in no instance were motor effects readily apparent after opioid treatment, except in Experiment 1. Here, rats treated with the highest dose of DPDPE and POEF showed circling and elevations in paw-lick/jump latency. However, POEF-induced elevations in response latency were also evident at a dose of DPDPE (62 nmol) that had no effect on circling.
At this point, any conclusion about the involvement of a particular brain site in the POEF effect is purely conjectural. However, because the effect of ingested POEF apparently affects the CNS via vagal afferent information, the CNS sites of action are likely limited to the areas supplied by input from the nucleus tractus solitarius (NTS). There is indirect evidence [18, 90] that POEF can influence nonantinociceptive opioid activity at multiple sites: the VTA, at which POEF inhibits morphine-induced contralateral circling [90] , and the caudate nucleus [14] , at which, presumably, POEF enhances DPDPE-induced circling (Experiment 1). In a similar fashion, POEF might influence antinociceptive opioid activity at more than one brain locus.
During late pregnancy and parturition, changes in hormonal and sensory aspects of maternal physiology induce a significant increase in pain threshold [11, 15, 33, 53] . Opioid mechanisms play a pivotal role in the mediation of this effect [23, 78] , and provide, presumably, the endogenous analgesic substrate(s) for ingested POEF at parturition [45] . Pregnancy is associated with elevated levels of all three classes of opioid peptides (i.e., enkephalin, h-endorphin, and dynorphin) and with increased numbers of opioid receptors (i.e., A receptor) in several brain sites [7, 21, 26, 68, 79, 95] . However, to date, little is known of opioid changes in many specific brain areas, especially antinociception-processing sites (where neural input from ingested POEF likely acts).
At the spinal level, opioid changes in late pregnancy have been investigated more extensively and the results indicate that spinal-opioid mediation of pregnancy-mediated analgesia is specific to y and n systems [16, 17] . Consistent with this pattern of opioid receptor involvement are data showing that elevated pain-response thresholds evident during pregnancy are associated with enhancement in the activity of endogenous ligands of the y (enkephalin) and n (dynorphin) receptors [33, 37, 74] . However, because the opioid receptor-specific nature of POEF action has only been studied at the supraspinal level, the significance of this relationship is not yet clear.
At the present time, the standard analgesic for the treatment of chronic pain is morphine, an only slightly selective (A) opioid agonist [64] . Although narcotics such as morphine typically generate analgesia that is both robust and lasting, they also induce a constellation of undesirable side effects, including the potential for abuse, decreased gastrointestinal motility, sedation, nausea, vomiting, and potentially life-threatening respiratory depression [48, 58] . Given the potent opioid-enhancing properties of POEF, it is reasonable to suggest that using POEF as an opioid-analgesic adjuvant might be an effective pain-management strategy, and might offer advantages over standard narcotic treatment. For example, because POEF would presumably enhance the potency of a simultaneously administered opiate drug, the dose necessary to obtain the desired level of pain relief would be lower if POEF were given in combination with the opiate than if the opiate were given alone [20] . Therefore, because the severity and number of side effects are related to the dose of opiate, among other factors, POEF, if used as an analgesia enhancer, would likely minimize the side effects that are normally associated with a particular level of opiate analgesia. This model has already been demonstrated: placenta ingestion in conjunction with a subthreshold dose of morphine was shown to produce the same amount of antinociception as an optimum dose of morphine in rats. However, the optimum dose of morphine, when administered alone, disrupted ongoing maternal behavior, whereas the subthreshold dose in conjunction with placenta ingestion did not [88] .
The complex nature of POEF action on antinociception produced at different opioid receptor types makes it possible that POEF induces an optimal combination of receptorspecific effects: the inhibition of A-mediated side effects and the facilitation of intended y and n receptor analgesic effects. That POEF enhances antinociception produced by the activation of n-opioid receptors may be particularly relevant to the treatment of pain in women [22] . As analgesics, A-acting opioids are generally considered to be far superior to n-and y-acting opioids. However, this conclusion is based largely on studies using males as subjects (because few comparable studies exist in women), so it may not apply equally well to both sexes.
Conclusion
The results of these experiments show that ingestion of POEF, a component of afterbirth tissues, exerts a potent modulatory action on opioid-mediated antinociception that is both complex and receptor specific. Placenta ingestion enhanced antinociceptive activity at the y-and n-opioid receptor, and suppressed antinociceptive activity at the A-opioid receptor. These data suggest that a similar profile of opioid receptor effects is likely induced by placentophagia during parturition, and point to a number of significant benefits that may be provided to the parturient organism by such a receptor-specific pattern, notably enhancement of pain relief without suppression of maternal care. Elucidation of the potentially novel mechanism of pain modulation involved in POEF action should provide valuable insight into endogenous systems of analgesia and aid ongoing efforts to develop improved therapeutic strategies to manage pain in both humans and nonhuman animals.
